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Heavy ion collisions

goal: experimentally test QCD at finite T - equation of state, viscosity, ...

initial nuclei parton plasma hadronization hadron gas

|

~ 107 m

= 10 fermis

|

e rapid expansion, inhomogeneities (time and length scales comparable)

e early and late dynamics out of equilibrium

does it thermalize?
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Thermalization at RHIC - 3% -{

efficient conversion of spatial eccentricity to momentum anisotropy
Y

— “elliptic flow”
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QCD equation of state (up = 0)

lattice QCD - Z:waDQZDAe_SCEQC’D

A. Bazavov et al, arXiv:0903.4379
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quite robust results, though still evolving - T,. ~ 170 — 180 — 200 MeV

but transport properties are not known for T/T,. ~ 1 — 2
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~ 2000-01: Ideal hydro

minimum-bias Au+Au at RHIC Kolb, Heinz, Huovinen et al ('01), nucl-th/0305084
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< | — hydroEOSQ
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>

0 L
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by (GeV)
Tiherm = 0.6 fm , ()it ~ 5GeV/ fm?3, Ttreezeout = 120 MeV

equation of state with QGP (Q) favored over hadron gas (H)
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Shear viscosity

¥ dimension

1687 - 1. Newton (Principia) boundary plate 2D) 4 |
a (mgy‘ing) ‘\-"El‘-’]Cll’}". I
Uy . s
T - shear stress, T
Fluid gradient, B
i
acts to reduce velocity gradients T TT T TT I TR T T T 7T ™
boundary plate (2D)
(stationary)
1985 - quantum mechanics: AFE - At > h/2
+ kinetic theory: T - Ayrpp > h/g Gyulassy & Danielewicz, PRD 31 ('85)

n=~4/5-T/ow. ,  entropy s ~ 4n
S . - AT’
= minimal viscosity: 7)/s = ~&=2> h /15

. Policastro, Son, Starinets, PRL87 ('02)
2004 - string theory AdS/CFT:  1/s > h/4m  Kovtun, Son, Starinets, PRL94 (05)

n/s > 4h/(25m) Brigante et al, arXiv:0802.3318
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strongly coupled V' =4 SYM in 4D < weakly-coupled gravity on AdSs;

not QCD, but key insights, in large 't Hooft coupling \ = ¢>N,. — oo limit

only modest change to ideal gas thermodynamics Gubser et al ('96), Buchel et al ('08):

VA 1 ]

5_3[ +46+ 0(335) + Ol3575)

Ssp 4

very small, but nonzero shear viscosity Son, Policastro et al ('02), ('04), Buchel et al ('09):

n 1 1
s 4w [1 5+O()\3/2)]

short relaxation times Baier et al arxiv:0712.2451, Chesler and Yaffe, arxiv:0812.2053
2 —-In2 0(1)

Tn = Tth ™

" 27 Teff
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Viscosity in QCD

shear: 7 = lin%ifdt >z e [Ty, (1), Ty (0)]) = lim 5-0, (w)

bulk: ¢ = lim = [dtd®z e ([T} (x,t),T¢(0,0)]) = lim 5-0¢(w)

perturbation theory: n/s ~ O(1), (/s ~ 0.02a2% ~ 0
Arnold, Moore, Yaffe, JHEP 0305 ('03); Arnold, Dogan, Moore, PRD74 ('06)

lattice: shear estimate Nakamura & Sakai, NPA774 ('06) bulk estimate Meyer, PRD76 ('07)
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VERY HARD: - need derivative of o(w) near w =0
- underdetermined inversion problem on lattice

G(1) = fooo dwo(w)K(w, )

= feasibility and accuracy yet to be demonstrated

e.g., charmonium - OK
Petreczky & Jakovac, PRD75 ('07)

0.3 . . . .
025 ¢ m(w)=.0315 GeV? .
m(w):0.038 wz .........................
m(w)=0.004 @’ - T
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but heavy-quark diffusion not promising

Petreczky & Teaney, PRD73 ('05)
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Optimistically, we can

- test the calculated QCD equation of state experimentally
- measure the (shear) viscosity in QCD

- test the universality of shear viscosity bound 7/s > 1/(4n)

requires some dissipative framework
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Dissipative dynamical frameworks

e causal relativistic hydrodynamics

Israel, Stewart; ... Muronga, Rischke; Teaney et al; Romatschke et al; Heinz et al, DM & Huovinen
T =0 (up — 0)
TH = (e + p)utu” — pg*” + ' — TTAHY
i = Frv(e,u,m,I1) , I =G(e,u,mII)

e.g. Israel-Stewart theory

e covariant transport Israel, de Groot,... Zhang, Gyulassy, DM, Pratt, Xu, Greiner...

pOuf = Comso[f] + Cocsf] + -+
fully causal and stable

near hydrodynamic limit, transport coefficients and relaxation times:

n=12T/0y,  Tnm 1.2,
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impact parameter averaged vy (|y| < 2)

RHIC - not an ideal fluid

2 — 2 transport vs(pr) vs data

DM & Gyulassy, NPA 697 ('02)
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transport vs ideal hydro

DM & Huovinen, PRL94 ('05)

= 0.1 fm/c
hydro

dissipation reduces vy by 30 — 40% even for very large o,,_.,, ~ 50 mb
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Viscous hydro: ~ 20 — 30% effects for /s = 1/(47) in Au+Au at RHIC.

Romatschke & Romatschke. PRL99 ('07)
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radiative 3 < 2 transport xu & Greiner, (08)
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similar conclusions - mainly the viscosity matters,
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But, details matter: Romatschke & Luzum, PRC78 ('08): Au—+Au, KLN profile
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why 1/s = 0.1 £+ 0.1(£0.08) becomes 7/s < 0.5... uncertainties:

initial conditions — fit to subset of data

equation of state, 77/s variations, bulk viscosity, relaxation times

conversion of fluid to particles (freezeout prescription)

validity /break-down of hydrodynamics - e.g., hadron transport

D. Molnar @ Austin, Apr 2010
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Obviously, initial conditions matter - eccentricity crucial for v,

Venugopalan & Lappi, PRC74 ('06)
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Numerical classical Yang-Mills solutions close to binary collision profile = the

theory prejudice at high energies.

(D, F*] = 3"
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centrality dependence can help distinguish between eccentricity scenarios

Heinz et al, PRC80 ('09)
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(Glauber = 85% wounded + 15% binary)
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How accurate is hydro?

- hydrodynamics is an approximation, a truncation scheme — T*”, N#

- validity and accuracy (beyond thumb rules)?

requires a truly nonequilibrium framework

— compare to covariant transport (has a hydro limit)

D. Molnar @ Austin, Apr 2010
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Validity of dissipative hydro

Israel-Stewart hydro accurate within 10% at RHIC when Huovinen & DM PRC79 ('08)
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P/P,

Another test - shock in a box
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" shock propagation in 1+1D (Riemann
| problem)

Bouras et al, arXiv:0902.1927:

| transport converges to ideal hydro as
In/s—0

20



From viscous hydro to particles

heavy-ion applications in the end must match hydrodynamics to a particle
description

e in local equilibrium - one-to-one mapping

T = diag(e,p, p,p) & foq = (27€)36—p“u“/T

e near local equilibrium - few-to-many mapping

TH = TH 4 §TH - f=feq+0f

correction ¢ f affects basic observables - spectra, elliptic flow v2(pr),
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Noninteracting “resonance gas” does seem to make sense
fi(p) = @53 lexplEi(p) — pa] /T £ 1=

- agrees with lattice QCD (once lattice artifacts are accounted for) Huovinen
& Petreczky, NPA837 ('10)

equation of state strangeness fluctuations

10
- (e-3p)T?
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Conversion to hadron gas - still work in progress:

- need ¢ f; for each species based on same local hydro fields

- so far, mostly “democratic” prescriptions - ignores interactions

Romatschke et al... Monnai et al...

T Dy,iDu,i
21%(e + p)

ofi = foy

or linear response - driven by interactions Teaney, Dusling, Moore ('09)

I/p pl/
5fz = feq,i X C(X) mh 5—12 Xz(_

D @) ~a

- neither ensures non-negative f = fo +0f > 0
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Momentum dependence of 0 f matters at high p; Teaney et al, (09)

Phenomenological Summary pure glue, /s = 0.08, efpy, = 0.6 GeV /fm3
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Vs (P7)
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0O 05 1 15 2 25 3 35 4
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pPQCD is closer to a linear (Tp = const) rather than a quadratic ansatz

Teaney
D. Molnar @ Austin, Apr 2010
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0f from full nonlinear transport

2 — 2 covariant transport (no linearization), f > 0 always

transport spectra / Grad approximation ratio - /s ~ 0.1, 0+1D Bjorken

DM ('09)

8 T T T T T T

5 _

S wer
N =

z 1.04 | Ko=3

S 102}

-  mereint B G g I

S O I £:3 5

= ool Lo Crad 11

s | ———51p,Grad L

& 004 | 10t , Grad

Z

E | | | | | |

O 1 2 3 4 5 6
pr/T

PL/pT

n/s =~ const

ideal hydro

Grad ansatz (o = 0) works better than it should pr /T ~ 6(!)
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dN/dy d“p [GeV™]

in Au+Au, however, high-pT tails do not thermalize, even for low 7/s ~ 0.1
= jets limit applicability of hydro

DM ('09):
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Should not ighore EOS

2001 ideal hydro - minbias Au+Au at RHIC Kolb, Heinz, Huovinen et al ('01), nucl-th /0305084

101 b 1 STAR

+ _—
T +TT
< | = hydro EOS Q /
Q/N —— hydro EOS H
>

EOS with 1st-order phase transition (Q) favored over hadron gas (H)
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Ideal hydro + realistic EOS

for realistic EOS proton v, same as for pure hadron gas?!
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Huovinen, NPA761, 296 ('05)

Q: bag model

gp: lattice fit

(7. = 170 MeV)
H: hadron gas
T: interpolated ¢(7T)

between hadron gas
and £ oc T* plasma

MUST test particle
species dependence
from viscous hydro!
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Multicomponent dissipative hydro - a mess: Denicol (Dec 2009)

Closed Equations — Bulk and Shear
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Knudsen fits

Gombeaud & Ollitrault, nucl-th/0702075: vo(K < Ayrp/R)

0.12 . . . .
D=005 -
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K

not too informative - in a realistic scenario, the (local) Knudsen number
varies with coordinate and time

e.g., 11/s = const < K ~ 7—2/3 during longitudinal 041D expansion stage

(also Ky has been computed for a static, 2D world)
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Much more useful to interpolate for real dynamical models

e.g., take a viscous hydro and fit:

- vgnax(b)
v2(b,1/5) = 1 4 const(b) x n/s

unless you want to rely on kinetic theory...

D. Molnar @ Austin, Apr 2010
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On quark number scaling

quark number scaling implies nonequilibrium phenomena bdM™, nucl-th/0408044

but simple scaling formulas do not arise from a dynamical approach

DM, nucl-th /0406066
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Chen & Ko, PRC73 ('06)

wzfnq (%)

20

15+

10

1 I | | | | |
| Dynamical Quark Coalescence Model
Au+Au@200 AGeV and b=8 fm

s+8,¢ and Q at midrapidity
—m—¢ (R =0.65 fm)
—0—¢ (R =0.47 fm)
Q (R =1.2 fm)

1.0

32



Summary

We have come a long way during the past few years:
- we can solve relativistic dissipative hydro (2+1D)

we can solve covariant transport near its hydro limit (full 3D)

hydro applicability at RHIC looks good (from transport) for n/s < 0.2

support for resonance gas model based on lattice QCD

- based on dissipative hydro + Cooper-Frye ansatz: n/s ~ 0.1 —0.2 at RHIC

n/s = 0.5 very hard to accommodate in either transport or hydro

Still more work needs to be done:
- dissipative hydrodynamics of particle mixtures - identified particles(!)
- hadronic afterburner lacking

- initial conditions, fluctuations - size, centrality, and /s systematics

D. Molnar @ Austin, Apr 2010 33



